Flower-like copper sulfides nanostructures were synthesized via the solvothermal route. The structural, optical and electrochemical properties of the synthesized materials were characterized by means of X-ray diffraction (XRD), scanning electron microscopy, ultraviolet-visible spectrometry and Fourier transform infrared spectroscopy (FTIR). Thermal behavior of the obtained flower-like materials was analyzed by TG, XRD and FTIR in situ measurements, over the temperature range of 25-800°C. It was found that both shape and phase composition remain stable until the temperature reaches 200°C. Phase transformation mechanism was discussed. During annealing, mixture of CuS and Cu 1.8 S is converted to copper sulfide hydroxides (200-500°C) and further to CuO (700°C and higher). Nevertheless, hierarchically porous structure is stable only to 200°C. Applying higher temperatures affects the solubility of the material and inflicts structural damage, resulting in the formation of dense oval particles with size of 20 to 200 nm.
Introduction
Solar energy conversion is currently one of the most promising technologies that can provide a sustainable energy source for electrical devices and chemical reactions. Photocatalytic processes gained a significant attention due to their usefulness in water splitting [1] , self-cleaning surface action [2] and removal of chemical contaminants [3] . As for the latter, the presence of pollutants, especially dyes, in post-industrial wastewater poses a threat to the environment and public health [4] . Hence, the development of efficient techniques allowing the photodegradation of dyes to non-toxic components has become of great importance. Numerous photocatalysts have been taken into account, including oxides [5] [6] [7] , sulfides [8] [9] [10] and nitrides [11] . Nevertheless, the efficient utilization of visible light remains a serious challenge.
Of various photocatalysts, nanostructured metal sulfides have emerged as a prominent alternative for commonly studied metal oxides. Diversified redox chemistry and stability at room temperatures combined with tunable physicochemical properties make them ideal candidates for solar energy conversion. Within this group, copper sulfides (Cu 2-x S) remain some of the most noteworthy materials. The ability of copper to change its position in the lattice and to change its oxidation state results in different values of x. So far, eight major phases have been described: covelline (Cu 1.00 S), yarrowite (Cu 1.12 S), spionkopite (Cu 1.40 S), geerite (Cu 1.60 S), anilite (Cu 1.75 S), digenite (Cu 1.80 S), djurleite (Cu 1.97 S) and chalcocite (Cu 2.00 S), and they feature different crystal structure types, namely cubic close-packing, hexagonal close-packing or a combination of hexagonal close-packing and covalent bonding of sulfur atoms [12] . Band gap values of copper sulfides range from 1.2 eV for copper-rich sulfides [13] to * 2.0 eV in the case of copper-deficient ones [14] . Depending on the shape, size, morphology, phase, and composition, Cu 2-x S can exhibit unique photocatalytic performance. Their applications as adsorbents and biosensors are also particularly worth noting. Nanoengineering, which is based on the strong correlation between structure and properties, has become a powerful tool in the design of functional materials. Hydrothermal and solvothermal routes are currently the most useful methods for obtaining hierarchical structures with controllable primary particle assembly and pore distribution. Synergic effects of different dimensional levels [15] , high specific surface area and hollow morphology provide amplified7 photocatalytic and adsorptive performance.
Recognition that anisotropy is a powerful tool for engineering the assembly of particular targeted forms has brought new excitement to the field. The design and fabrication of particles with different geometries and anisotropic material compositions have drawn a great attention in recent years [16, 17] . Their preparation remains a challenging task.
Heating Cu 2-x-S in the air should lead to the formation of copper oxides beyond a critical temperature [18] [19] [20] [21] . However, due to the fact that copper can diffuse and easily change the oxidation state, formation of more complex structures is more probable. A fact worth noticing is that copper ions can diffuse and change their oxidation state, which makes them ideal candidates for the formation patchiness structures. Because of that particular attention must be given to their thermal properties. Oxidation processes of natural and precipitated covellite and chalcocite are well established [22] [23] [24] [25] [26] [27] . It led to the formation of various copper sulfates and eventually oxides. However, strong dependence of thermal behavior on material size and morphology, especially in nanoscale, is a cause of renewed research focused on this subject [20, 28, 29] . The prospect of patchy structures formation during thermal oxidation leaves very exciting and promising way of achieving nanostructures with unique properties and variety of applications in complex processes [30, 31] .
The aim of this study was to investigate the thermal behavior of flower-like copper sulfides (Cu 2-x S) nanostructures and their conversion to copper oxides. To our knowledge, such analysis had not been previously reported for such hierarchically mesoporous copper sulfides. Nanomaterials based on Cu 2-x S were obtained via the solvothermal route. The structural, optical and electrochemical properties of the synthesized materials were characterized by means of X-ray diffraction (XRD), scanning electron microscopy (SEM), ultraviolet-visible (UV-Vis) spectrometry and Fourier transform infrared spectroscopy (FTIR). The influence of temperature on the shape and phase composition was analyzed by TG/DSC, XRD and FTIR in situ measurements, over the temperature range of 25-800°C.
Materials and methods

Synthesis
All chemicals used in the study were commercially available and of analytical grade. Anhydrous CuCl 2 was purchased from Fisher. Thiourea (CH 4 NS 2 ) and absolute ethyl alcohol were purchased from Avantor (Poland), while polyvinylpyrrolidone (PVP) was purchased from Sigma-Aldrich.
A schematic illustration of the synthesis procedure is presented in Fig. 1 . In a typical reaction, copper chloride in various amounts (6.5 g, 7.2 g, and 2 g) was dissolved in 160 ml of absolute ethanol to form a blue solution, and then 1.6 g of thiourea was added. As a surfactant, 1 g of PVP was applied. After mixing for 30 min at room temperature, the solution was transferred to a Teflon-lined autoclave and kept sealed for 6 h at a temperature of 160 and 200°C. Finally, the color product was collected via centrifugation, rinsed several times with anhydrous ethanol and distilled water, and then dried in a vacuum oven over 60°C for 12 h.
Characterization techniques
The phase and crystal nature of the obtained copper sulfides were studied by means of the powder X-ray diffraction technique (X'Pert MPD diffractometer, Phillips). Phase identification was performed with the use of the X'Pert HighScore Plus software and the PDF database.
The surface morphology and chemical composition of the nanostructures were characterized using the Nova NanoSEM 200 scanning electron microscope (FEI) equipped with an EDX source and the FEI Tecnai TF X-TWIN transmission electron microscope.
Mid-infrared spectroscopic (MIR) studies were carried out to determine the structure of the obtained materials. The standard KBr pellet method was used; 128 scans were performed with a resolution of 4 cm -1 and over the range of 4000-400 cm -1 using the Bruker Vertex 70v spectrometer.
Fourier transform infrared spectroscopy (FTIR) temperature studies were carried out to determine the structure of the obtained materials, by using Harrick Scientific ''Praying Mantis'' DRIFTS attachment combined with a high-temperature reaction chamber. Kubelka-Munk spectra were recorded with 64 scans in 10 degree intervals. Standard MIR (middle infrared range) was used (4000-400 cm -1 ) and a 4 cm -1 resolution.
The optical properties of the powders were analyzed based on the spectral dependence of total reflectance measured with a UV-Vis-NIR Jasco V-670 equipped with a 150-mm integrating sphere. Thermogravimetry (TG) and differential scanning calorimetry (DSC) analyses were carried out by NETZCH STA 449 F5 Jupiter in the range of 20-700°C. The samples of mass around 25 mg were heated at a rate of 10°C min -1 . The measurements were taken under dynamic conditions in the synthetic air and argon atmospheres. As a reference alumina was applied. Figure 2 presents the SEM images of copper sulfide structures prepared under various conditions. The tests showed that the sample (nCu:nS = 1: 1.8) obtained at 160°C with continuous stirring was in the form of elongated nanoneedles. Raising the temperature to 200°C had no influence on the shape of the nanostructures. It is believed that the self-assembly of many elongated grains was prevented by a mechanical factor. The ideal flowerlike nanostructures were obtained in the static process. The average particle diameter was about 2-3 lm.
Results and discussion
To study the morphological changes and evolution process, the experiments were performed at different copper-to-sulfur molar ratios. Figure 3 presents the SEM images of the obtained nanostructures. For an nCu:nS ratio of 1:1.8, geometrically symmetrical, spherical flower-like nanomaterials were fabricated. However, when the molar ratio was 2:1 or 1 formation of a large, modified flower-like form. At higher magnification, flake graininess can be observed. The composition and the purity of the obtained nanomaterials were evaluated by EDX analysis as shown in Fig. 3 . In case of ideal spherical flower-like copper sulfide only the Cu, S and O can be observed in the spectrum. The atomic quantification of these elements (Table 1) suggests that the sample is composed of copper and sulfur, with a composition close to the stoichiometry of Cu 2 S. The oxygen presence could be assigned to the partial oxidation of the structure and formation of sulfates.
When the nCu:nS molar ratio was different than 1:1.8, the EDX spectrum revealed a more complicated structure. Based on the EDX peaks associated with C, S, O and Cl, it can be concluded that the copper sulfide materials exhibited a non-stoichiometric character in this case.
According to Zhang et al. [9] solution prepared with thiourea releases more sulfur ions to react with Cu 2? to form CuS. The disturbed proportion of nCu:nS affects the formation mechanism of copper sulfide in the following reactions:
CuCl þ nCSðNH 2 Þ 2 þ 1 2
The amount of the oxygen compound suggests that instead of obtaining Cu 2-x S, there is a higher probability of receiving oxygen-based compounds such as copper oxides, sulfates or oxy-sulfates. The ratio O:S increases with an increasing amount of copper ions in the solution. Moreover, the contribution of these elements suggests that a significant amount of the copper chloride used during the synthesis remained unchanged.
XRD analyses were conducted to examine the composition and phase of the obtained nanostructures. The XRD patterns are presented in Fig. 4a . The samples with a spherical flower-like architecture contained two components, namely Cu 1.8 S (PDF-00-047-1748) and covelline (CuS) (PDF-00-006-0464). In spite of fixing the nCu:nS molar ratio at 1:1.8, it was not possible to obtain a singlephase material in the form of either pure CuS or chalcocite (Cu 2 S).
The reason for this may be the formation of a cation vacancy and the stability of the compound under the applied conditions [32] . Nevertheless, the results obtained are consistent with those derived from EDX analyses.
In order to gain insight into the structure of non-stoichiometric powders, FTIR spectrometric analysis was performed. The obtained data are presented in Fig. 4b . In the case of nCu:nS of 2:1, the spectra show a peak at 476 cm -1 that is specific to Cu-O vibrations [33] . Moreover, for all measured samples, bands attributed to copper sulfate (619 cm -1 ) and the SO 4 2group (496 and 1124 cm -1 ) are visible [34] [35] [36] . In addition, modes assigned to the residue of the precursor are present. The obtained results are highly consistent with the performed EDX analysis and confirm the multiphase composition of the investigated materials. Therefore, for further investigation only well-defined flower-like structure with composition nCu:nS 1:1.8 was taken.
In order to design particles with different anisotropic compositions sample was subjected to thermal oxidation. The first stage of the research included the TG/DSC analysis in the temperature range from 25 to 800°C.
The obtained results are presented in Fig. 5a, b . Thermogram consists of three main regions. At first stage up to 280°C a mass loss of about 6% is observed. According to the mass spectrometry mass changes can be related to the loss of surface-adsorbed water and to degradation of residues from organic surfactant used during solvothermal synthesis. Moreover, in this range of the temperature the roasting of sulfides may take place [19, 22-25, 28, 37, 38] . In one of the first studies conducted by Lemmerling and van Tiggelen [39, 40] it was found that adsorbed oxygen diffuses in the sulfide lattice affecting the structure rearrangement and formation of copper sulfate according to the equation:
Further investigation by Razouk et al. [22, 38] confirmed by thermogravimetric analysis simultaneous formation of CuSO 4 , but also suggested that mass loss can be also assigned to dissociation process of CuS followed by the sulfur oxidation:
Herein, flower-like nanostructures are composed of a mixture of CuS and Cu 9 S 5 . The presence of the non-stoichiometric copper sulfides increases the probability of reactions 6 and 7. It can be confirmed by the analysis of the mass spectroscopy of the resulting gas products. An increased amount of sulfur oxides can be seen in Fig. 5b as m/z = 64 ion current line. Above 280°C (stage II) a significant increase in the sample mass is observed. Most of Cu 1.8 S, CuS and CuSO 4 can react with air and form among others copper sulfate hydroxide hydrate and copper sulfate hydroxide until the temperature reaches 450°C [21, 26, 37, 40] . Schematically, it can be written as follows:
A sharp endothermic peak at DSC (about 300-320°C, Fig. 5a ) curve together with m/z = 46 and m/z = 44 ion current lines corresponds to the final degradation of organic residues of PVP in the form of NO 2 and CO 2 . Between 400 and 500°C almost a plateau in sample mass can be observed.
Then, at approximately 450°C, sample mass decreases until the temperature reaches 750°C. Copper sulfate hydroxides and their hydrates formed during annealing are converted to copper oxide sulfate and copper oxides [22, 24, 25, 37, 38] :
Above 750°C sample is completely converted to CuO.
To make a thorough analysis of the changes taking place in the temperature range from room temperature to 500°C, FTIR in situ temperature studies were carried out. Collected data are presented in Fig. 6 .
In the temperature between 25 and 200°C, spectra show no vibrations band, which suggests that the bonds present in the material are inactive in this range of infrared region. Above 200°C bands attributed to copper sulfate (617 cm -1 ) and the SO 4 2group (1109 cm -1 ) are visible [34] [35] [36] . According to Eq. (1) in this temperature range formation of CuSO 4 takes place. Then, at approximately 300°C a wide band at 400-500 cm -1 with maximum at about 485 cm -1 specific to Cu-O vibrations [33] appears. The obtained results are highly consistent with the performed TG analysis and confirm that oxidation process starts above 200°C. In order to design particles with anisotropic composition flower-like nanopowders were annealed in air at three temperatures 200°C, 500°C and 700°C for 30 min in the oven. Figure 7 presents the XRD patterns of pristine nCu:nS 1:1.8 and heated powders.
After synthesis a spherical flower-like architecture contained two components, namely Cu 9 S 5 (PDF-00-047-1748) and covelline (CuS) (PDF-00-006-0464). Annealing at 200°C affects reaction with oxygen water adsorbed at the surface, resulting in the formation of copper sulfate hydroxide (PDF-00-084-2037), which is in good correlation with TG measurements, Eq. (8) . An increase the temperature to 500°C causes further transformation of Cu 1.8 S to CuS and the formation of copper sulfate hydroxide hydrate (Cu 3 (SO 4 ) 2 (OH) 2 *4H 2 O, PDF-00-037-0525). With reference to the foregoing thermogravimetry measurements, it is clearly seen that mass increase during heating is related to the formation of more complex structures. The final stage of oxidation carried out at 700°C indicates the formation of pure copper oxide, CuO (PDF-00-048-1548). It can be supposed that reactions 6-12 take place in the temperature range of 500-700°C and their reaction rate is high.
Optical properties were measured using UV-Vis spectrophotometry. Figure 8 shows the reflectance spectra (%R) of the obtained nanostructures at different annealing temperatures.
The Munk model. This approach allows the determination of effective absorption, assuming that scattering is independent of wavelength over this narrow range. The band gap energy (Eg) was calculated based on the Kubelka-Munk function (KMhm) 1/c . The coefficient c = 2 correspond to the indirect allowed transitions. Band gap energy values of about 2.2 and 2.8 eV obtained in the case of copper sulfide (nCu:nS; 1:1.8) remain in very good agreement with Eg for Cu 2 S and CuS, respectively [18] . In the case of non-stoichiometric materials, blueshift in the UV-Vis spectra can be observed, which alters the band gap values. After annealing at 700°C calculated band gap energy is approximately 1.47 eV and corresponds to the CuO phase.
In the case of flower-like structure (nCu:nS 1:1.8) annealed at 500°C two contributions to the electronic transition are observed. The higher one corresponds to the band gap energy of copper sulfate hydroxide (2.0-2.1 eV), while the lower one is that of CuO phase (1.40 eV). It is worth highlighting that the band gap of copper sulfide-based nanostructures strongly depends not only on composition but also on changes in size and shape. SEM analysis of annealed powder indicates that the flower-like form is stable up to 200°C. Applying higher temperatures affects the solubility of the material and inflicts structural damage, resulting in the formation of dense oval particles with size of up to 200 nm.
Conclusions
The synthesis of copper sulfide-based nanomaterials was performed. A certain copper-to-sulfur molar ratio was found to be a prerequisite for obtaining well-defined spherical flower-like architecture. For nCu:nS molar ratios different than 1:1.8, copper sulfide materials were found to exhibit a more complex phase structure with a non-stoichiometric character. Results of thermal analysis of oxidation process for flower-like copper sulfides, including the mechanism of oxidation processes, were defined. Obtained nanomaterials in a hierarchically mesoporous shape and molar composition of nCu:nS 1:1.8 remain stable until the temperature reaches 200°C. Anisotropic phase composition was confirmed by XRD, FTIR and TG measurements. The controlled transformation process can affect the obtaining of semiconductor materials with unique properties. Therefore, based on the research done, it can be concluded that partial oxidation could be a powerful tool in the design of functional materials, especially for photocatalytic applications.
